ABSTRACT: Monolayer van der Waals (vdW) magnets provide an exciting opportunity for exploring two-dimensional (2D) magnetism for scientific and technological advances, but the intrinsic ferromagnetism has only been observed at low temperatures. Here, we report the observation of room temperature ferromagnetism in manganese selenide (MnSe x ) films grown by molecular beam epitaxy (MBE). Magnetic and structural characterization provides strong evidence that, in the monolayer limit, the ferromagnetism originates from a vdW manganese diselenide (MnSe 2 ) monolayer, while for thicker films it could originate from a combination of vdW MnSe 2 and/or interfacial magnetism of α-MnSe(111). Magnetization measurements of monolayer MnSe x films on GaSe and SnSe 2 epilayers show ferromagnetic ordering with a large saturation magnetization of ∼4 Bohr magnetons per Mn, which is consistent with the density functional theory calculations predicting ferromagnetism in monolayer 1T-MnSe 2 . Growing MnSe x films on GaSe up to a high thickness (∼40 nm) produces α-MnSe(111) and an enhanced magnetic moment (∼2×) compared to the monolayer MnSe x samples. Detailed structural characterization by scanning transmission electron microscopy (STEM), scanning tunneling microscopy (STM), and reflection high energy electron diffraction (RHEED) reveals an abrupt and clean interface between GaSe(0001) and α-MnSe(111). In particular, the structure measured by STEM is consistent with the presence of a MnSe 2 monolayer at the interface. These results hold promise for potential applications in energy efficient information storage and processing.
T he study of magnetism in two dimensions (2D) has fascinated physicists for decades, inspiring theoretical studies of phase transitions 1, 2 and topological order 3 as well as their experimental realization in physical systems. 4−8 Recently, intrinsic ferromagnetism has been demonstrated in van der Waals (vdW) crystals in the monolayer limit, 9 ,10 which creates new opportunities for science and applications related to the potential for highly tunable magnetic properties via electrostatic gating, strain, and proximity effects. 11−18 This is particularly important for spintronics and valleytronics with 2D vdW heterostructures, where the monolayer magnets could provide a route toward low energy magnetization switching and proximity interactions for nonvolatile logic. 19−24 However, ferromagnetism in monolayer magnets has so far been limited to low temperatures, below ∼60 K. 9, 10 In this Letter, we report the observation of room temperature ferromagnetism in manganese selenide (MnSe x ) films grown by molecular beam epitaxy (MBE). Magnetic and structural characterization provides strong evidence that, in the monolayer limit, the ferromagnetism originates from a vdW manganese diselenide (MnSe 2 ) monolayer, while for thicker films it could originate from a combination of vdW MnSe 2 and/or interfacial magnetism of α-MnSe(111). This behavior differs of bulk MnSe x compounds such as MnSe 2 (pyrite structure) and α-MnSe (rocksalt structure), which are not ferromagnetic. 25, 26 On the other hand, density functional theory (DFT) calculations have predicted the stability of vdW MnSe 2 monolayers with 1T structure (Figure 1a ) as well as a ferromagnetic ground state with substantial exchange splitting for high Curie temperatures. 27, 28 Our results are consistent with these predictions.
Our investigation consists of material synthesis by MBE, magnetic characterization by superconducting quantum interference device (SQUID) magnetometry, and structural characterization by in situ reflection high energy electron diffraction (RHEED), scanning transmission electron microscopy (STEM), scanning tunneling microscopy (STM), atomic force microscopy (AFM), and X-ray diffraction (XRD). To outline our study, we start by growing ca. one monolayer (ML) of manganese selenide (MnSe x ) on vdW GaSe(0001)/ GaAs(111) and vdW SnSe 2 (0001)/GaAs(111) substrates. Magnetic measurements by SQUID show ferromagnetism at room temperature, and the similarity of the loop shapes and saturation magnetic moment on two different substrates help eliminate potential artifacts related to substrate interaction. In growing thicker films on GaSe substrates, the RHEED patterns remain streaky up to several tens of nanometers, and XRD scans reveal that the growth converts to rocksalt α-MnSe(111). SQUID measurements exhibit room temperature ferromagnetism with a larger saturation magnetic moment (∼2×) than the ∼1 ML MnSe x , and XRD scans reveal a new peak consistent with vdW transition metal dichalcogenides. Because α-MnSe is not ferromagnetic, this provides evidence for ferromagnetic vdW MnSe 2 layers forming at the interface of GaSe and α-MnSe(111). Detailed structural characterization by STEM, STM, and RHEED reveals an abrupt and clean interface between GaSe(0001) and α-MnSe(111). In particular, the structure measured by STEM is consistent with the presence of a MnSe 2 monolayer at the interface. This provides strong evidence for the room temperature ferromagnetism originating from vdW MnSe 2 monolayers.
The MnSe x samples are prepared via van der Waals epitaxy 29, 30 in a Veeco GEN930 MBE chamber equipped with a liquid nitrogen cryoshroud and base pressure of 2 × 10 −10 Torr. We investigate the growth of MnSe x on two different base layers, GaSe(0001)/GaAs(111)B and SnSe 2 (0001)/GaAs(111)B. The growth of the GaSe, SnSe 2 , and MnSe x layers is performed under a Se overpressure, and the growth rate is determined by the Ga, Sn, or Mn flux. Details of the growth are provided in the Supporting Information, section 1. For the growth of MnSe x on the GaSe(0001) surface, we deposit a 55 nm GaSe base layer on GaAs(111)B at 400°C . 31, 32 Figure 1d ,e shows a streaky RHEED pattern and an AFM image of the GaSe base layer that displays atomically smooth terraces and monolayer steps with a spiral hillock morphology, respectively. After growth of ∼1 ML MnSe x at 400°C , the RHEED pattern remains streaky (Figure 1f ) and the AFM image in Figure 1g shows a similar atomically smooth morphology as the GaSe base layer. The RHEED pattern rotates with a 6-fold rotation symmetry, which confirms the inplane epitaxial registry. For characterization by XRD and SQUID, the sample is capped with 5 nm GaSe and amorphous Se to protect the sample from oxidation before being removed from the chamber. The θ-2θ XRD scan for the ∼1 ML MnSe x on GaSe (Figure 1b ) exhibits two prominent peaks coming from the GaAs(111) substrate and the GaSe base layer (2θ = 22.4°). An additional "A" peak is also observed at 2θ = 23.5°, for which the origin of the peak is not known.
We investigate the magnetic properties of the MnSe x layers by SQUID magnetometry. Room temperature, out-of-plane magnetization scans reveal a ferromagnetic hysteresis loop for a ∼1 ML MnSe x sample on the GaSe base layer (Figure 2a ). The inset shows the unprocessed SQUID data, which includes diamagnetic and paramagnetic contributions. (See the Supporting Information, section 6, for details of background subtraction.) The ferromagnetic hysteresis loop exhibits a coercivity of ∼150 Oe and a saturation magnetic moment of ∼3.3 × 10 −5 emu/cm 2 (represents the total moment, but normalized to the sample area), which corresponds to ∼4.4 μ B per Mn.
To rule out the possibility that the ferromagnetism is generated by a substrate-specific artifact, we develop the growth of MnSe x on another substrate, SnSe 2 (0001)/GaAs(111)B. For this study, we grow 12 nm of SnSe 2 on GaAs(111)B at 165°C
. 33 The streaky RHEED pattern ( Figure 1h ) indicates an atomically smooth surface, which is verified by AFM scans (Figure 1i ). After deposition of ∼1 ML MnSe x at 165°C, the RHEED pattern starts becoming spotty indicating 3D growth ( Figure 1j ) and the corresponding AFM image confirms the 3D growth with island formation as shown in Figure 1k . The RHEED pattern rotates with a 6-fold rotation symmetry, which confirms in-plane epitaxial registry. For XRD and SQUID, an additional protection layer of SnSe 2 (12 nm) is deposited and the sample is capped with amorphous Se. The θ-2θ XRD scan (Figure 1c) shows two large peaks from the GaAs(111) substrate and the 12 nm SnSe 2 base layer (2θ = 14.5°), and the "A" peak is absent. Room temperature, out-of-plane magnetization scans reveal a ferromagnetic hysteresis loop for a ∼1 ML MnSe x sample on the SnSe 2 base layer (Figure 2b ). The ferromagnetic hysteresis loop exhibits a coercivity of ∼100 Oe and a saturation magnetic moment of ∼3.2 × 10 −5 emu/cm 2 , which corresponds to ∼4.2 μ B /Mn. These values are very similar to those observed in the GaSe base layer samples. The absence of the "A" peak while still observing ferromagnetism indicates that any associated structures are not relevant for the magnetic signal.
The observation of room temperature ferromagnetism with similar characteristics for both SnSe 2 and GaSe base layers implies that the ferromagnetism does not originate from the base layer vdW materials. For example, the formation of certain magnetic compounds such as GaMn 34 in the GaSe samples would provide no explanation for the ferromagnetism observed in the SnSe 2 samples. Furthermore, the large magnetic moment (∼4 μ B /Mn) cannot be explained by the formation of a dilute magnetic semiconductor (e.g., Ga 1 − x Mn x Se 3 5 or Sn 1−x Mn x Se 2 36 ) due to interdiffusion of Mn into the base layer. Although room temperature ferromagnetism has been observed in Sn 1−x Mn x Se 2 for Mn concentration up to ∼70%, only a small net saturation magnetic moment of ∼0.09 μ B /Mn has been reported. 36 Thus, if the observed ferromagnetism in our samples were due to interdiffusion into the base layer, we would expect characteristics that are different from what we observe, and the GaSe and SnSe 2 samples should be different from each other. This provides strong evidence that the observed ferromagnetism originates from the deposited MnSe x monolayers.
To possibly identify the structural composition of MnSe x , we attempt to grow thicker films on GaSe and SnSe 2 base layers. For the case of GaSe, the growth of MnSe x maintains a streaky RHEED pattern through several tens of nanometers. Figure  3a ,b shows the initial RHEED pattern for a 20 nm GaSe base layer and Figure 3c ,d shows RHEED after ∼40 nm of MnSe x growth. The θ-2θ XRD scan (Figure 3e ) provides an explanation for the persistent streaky pattern. Compared to the XRD scan of the ∼1 ML MnSe x on 55 nm GaSe shown in Figure 1b , the main new feature is the emergent of a large peak appearing at 2θ = 28.3°, which indicates the presence of (111)-oriented α-MnSe.
37 α-MnSe is a thermodynamically stable bulk structure, 26 which explains the persistence of streaky, crystalline growth out to large thicknesses. We also observe an additional "B" peak at 2θ = 29.4°, which corresponds to a lattice spacing of 6.07 Å (for second order diffraction). This does not correspond to any peak in bulk MnSe 2 , α-MnSe, or other known Mn−Se compounds, 37, 38 but it is similar to the layer In addition to the emergence of new XRD peaks in the thicker MnSe x films, an enhancement in the magnetization is also observed. As shown in Figure 3f , the magnetic hysteresis loop has a similar coercivity (∼75 Oe) but more than double the saturation magnetic moment per area (∼7.3 × 10 −5 emu/cm 2 ) as compared to the ∼1 ML MnSe x sample on GaSe ( Figure  2b ). Because α-MnSe is not ferromagnetic, the enhanced saturation magnetic moment suggests that the ferromagnetic signal is likely coming from the interface between α-MnSe and GaSe.
To better understand the structure at the α-MnSe/GaSe interface, which is likely providing the ferromagnetic ordering, we investigate few-layer MnSe x films. Figure 4a shows the MnSe x growth evolution viewing the RHEED images as a function of time during the first ∼30 s (∼3 ML) of MnSe x deposition. Linecuts of the [11̅ 00] GaSe RHEED pattern are taken along the white dashed line in the inset of Figure 4a . The red curve shows the linecut for the GaSe base layer; the blue curve shows the linecut after ∼3 ML of deposition, and the grayscale image shows the evolution of the RHEED linecut during the growth. Notably, the spacing of the RHEED streaks becomes smaller with MnSe x deposition, which indicates that the in-plane lattice constant increases with MnSe x deposition. The ratio of the RHEED spacing between GaSe and MnSe is 1.0244, which is very close to the expected ratio of 1.0285 for the bulk in-plane lattice constants of α-MnSe(111) (3.862 Å) and GaSe(0001) (3.755 Å) . This confirms what we observed earlier in the XRD scans (Figure 3c) , showing the α-MnSe(111) phase. The streakiness and 6-fold rotational symmetry of the RHEED patterns also suggest that we have a n e p i t a x i a l a l i g n m e n t b e t w e e n e a c h m a t e r i a l Figure 4e . However, we have no direct evidence from imaging or compositional mapping (Supporting Information, section 8) for the presence of this phase. In any case, the interface between the GaSe and MnSe layers is abrupt with no evidence for segregation or contaminants.
The clean, sharp and crystalline interface between GaSe and α-MnSe(111) observed in STEM indicates that the monolayer MnSe x should have a similar structure as that of α-MnSe(111). This brings a key insight on the origin of the observed ferromagnetism in monolayer MnSe x (Figure 2) . It is important to notice that a single monolayer of α-MnSe(111) is virtually identical to a monolayer of vdW MnSe 2 with a 1T structure. This is depicted in Figure 5a ,b, which shows the top view, side view, and nearest-neighbor coordination diagrams (insets) for the α-MnSe(111) and vdW 1T-MnSe 2 lattices, respectively. The similarity of the structures is evident in the top view and nearest-neighbor coordination diagrams. Most importantly, the side view of the lattices shows clearly that a single monolayer of α-MnSe(111), which is the Se−Mn−Se atomic trilayer highlighted by the dashed lines in Figure 5a , is equivalent to the 1T-MnSe 2 shown in the side view of Figure 5b . Furthermore, DFT calculations show that the 1T structure is thermodynamically stable for monolayer MnSe 2 and is ferromagnetic close to room temperature. 27, 28 Their predicted magnetic moment (3.0−3.7 μ B /Mn) is consistent with our experimental observation in Figure 2 . In addition, as discussed earlier in Figure 4 , the smooth evolution of the RHEED pattern from GaSe to α-MnSe without intermediate patterns, the rapid transition to α-MnSe(111) as confirmed by STM, and the STEM images provide strong evidence that the first monolayer forms in the 1T-MnSe 2 structure. Based on these considerations, we conclude that the room temperature ferromagnet- ism in monolayer MnSe x originates from magnetic ordering of vdW 1T-MnSe 2 .
It is also important to discuss the ferromagnetism in the thick MnSe x samples, which exhibit a slightly larger magnetic moment per area than in the monolayer. We consider two possible mechanisms that could contribute to the magnetic signal. One is the stabilization of one or more vdW MnSe 2 layer at the interface. This would be consistent with the experimental results from STEM and XRD ("B" peak). The other possibility is that the surface of α-MnSe(111) could exhibit interfacial ferromagnetism, such as that observed in Cr 2 O 3 . 45 It would be very interesting to investigate these two possibilities in future studies. Nevertheless, due to the structural similarities between α-MnSe(111) and 1T-MnSe 2 , there is no distinction between these two mechanisms in the monolayer limit.
In conclusion, we have observed room temperature ferromagnetism in epitaxial manganese selenide films grown by MBE. In the monolayer limit, we attribute the magnetic signal to intrinsic ferromagnetism of a vdW manganese diselenide (MnSe 2 ) monolayer, while for thicker films it could originate from a combination of vdW MnSe 2 and/or interfacial magnetism of α-MnSe(111). This enables the integration of room temperature ferromagnetism into 2D layered vdW heterostructures in a variety of ways. For monolayers, the vdW MnSe 2 could be grown on appropriate vdW surfaces (either exfoliated or epitaxial layers) and capped with other vdW materials to produce the isolated MnSe 2 vdW layers. This could be used for studies of vertical magnetic tunneling junctions, magnetic proximity effect, and gate tunable magnetism. For thick α-MnSe(111) structures, its insulating character could allow it be used as a gate dielectric for spin field-effect structures and gate tunable magnetic proximity effect. In addition, the direct measurement of the magnetism and atomic scale magnetic ordering by spin-polarized STM could help realize the full potential of 2D magnets for spintronics and valleytronics.
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